
1 MUON STORAGE RING

Thisfile is parkerCh16ver10.tex Exceptin figurescoloredtext denoteseditorialinformationwhich
shouldbeomittedfrom thefinal document.

In the Study–Ireport this is Section8 but for Study–II it shouldbe renamedSection16. For
thisdraft theheadingsfrom Study–Ihavebeenincorporatedthenmodified.For comparisondetails
pleasereferto Study–I.

For this first draft someof thefigureswerealreadymodifiedto beconsistentwith a lateropti-
mizedlatticeconfigurationdenotedmu mf11c1ratherthanthemu mf09blatticepresentedat the
January29editorsmeeting.Thenew latticehas:

� Largerbetafunctionsin theproductionstraight,which which areneededto meettheexperi-
mentsbeamdivergencegoalof 0.1normalizeddivergence.

� Smallerpeakhorizontaldispersion,which reducesthe horizontalaperturerequirementsfor�
2.2%in thedispersionsuppressorenoughto beableto useaconventionalnormalconducting

quadrupolein theemptycell.

Onadvicefrom ScottBerg I will dropbackto themu mf09bbaselinelatticeandonly look to ac-
cept

�
1.9%momentumspread,which is anotherway to keeptheemptycell aperturerequirement

small. However this doesnot addressthe issuethat the opticscontribution from the production
straightto the neutrinobeamangularspreadis about30% too high. Fig. 2 and Fig. 6 will be
revisedaccordingly. B.P.

1.1 Introduction

B. Parker
For Study–II the muon storagering hasa simple planarracetrackconfigurationas shown in

Fig.1. Theracetrackis tilted suchthatthedownwardgoingstraightsection,denotedtheproduction
straight,is aimedat thedistantneutrinodetector. For a BNL site,dependingon ring size,someof
theracetrackwill probablybeabove groundlevel dueto thedesireto keepthe lowestpartof the
ring abovethelocalwatertable.Theabovegroundregionwill becoveredwith fill material,mostly
sand,andthusthereis an incentive to keepthe long axis of the racetrackasshortaspossibleto
reducethe requiredfill volume. This arrangementdoesmake it mucheasierto inject beaminto
in the upward going returnstraightsectionthanwaspossiblefor the completelybelow ground
placementconsideredin Study–I.Injectinginto speciallytailoredreduced-betaopticsin thereturn
straightsectionratherthanthehigh-betaopticsneededin theproductionstraightdramaticallyeases
theinjectionsystemrequirementscomparedto Study–Iaswill bediscussedlater.

Sincethefraction, ��� of muondecayswhichmakesneutrinoswhichareaimedtowardthedetec-
tor is �������	��
��������
������	����������� � , with � thering circumferenceand ���!�"� the lengthof one
arc, it is clearthatcreatingtheshortestpossiblearcmaximizes��� andkeepsthering footprint as
smallaspossible.

Becausethepresentring energy is 20GeVcomparedto theStudy–I50GeV, anaiveexpectation
is that for thesame��� theStudy–II ring circumferenceshouldbe #$ theStudy–Icircumferenceof
1753m or about700m. In practiceit is hardto achieve this scaling. Even if onetakesa larger
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Figure1: SampleFigure.

dipolefield, 7 T insteadof theStudy–I6 T, it is hardto make thebasicseparatedfunctionarccell
muchshorter. As indicatedin Fig. 2 shorteningthe individual magnetsonly servesto reducethe
magneticpackingfractionsincethecoil endscannotbearbitrarily shortened.In fact for a lower
beamenergy a largermagnetapertureis needed,assumingequallatticefunctionsandnormalized
emmitance,andthusthecoil endsshouldbemadeevenlongerthanfor theStudy–Imagnets.

Study-I, 90° Separated Function Cell: 9.8 m length.
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Figure2: SampleFigure.

With aseparatedfunctionfocusingcell theonly pathleft to makeashort20GeVarcis to make
the arc up from fewer cells thanwereusedfor Study–Iandinevitably the bendangleper cell is
increased.Unfortunatelya largerbendanglepercell leadsto largerpeakdispersionwhich in turn
impliesaneedfor evenmoremagnetapertureto handlethemuonbeam’s largemomentumspread.



Wedid find it possibleto shortenthearccell by usingcombinedfunctionmagnets.As indicated
in Fig. 2 evenwith a somewhatsmallerdipoleguidefield, reducedto accommodatethesuperpo-
sition of quadrupoleanddipolefieldsat theconductor, anda morerelaxedintermagnetspacing,it
is feasibleto shortenthebasicarccell andachieveacircumferencebelow thenaive700m scaling
prediction.

Two possibleways to implementsucha combinedfunction field configuration,the first with%'&)(+*-, coils andthesecondwith flat pancake coils areshow schematicallyin Fig 3. Thepancake
coil configurationis especiallyinterestingbecauseits simplebendstructureenablesus to usea
brittle prereactedsuperconductingmaterial,suchasNb. Snfor makinga high field magnet.Also
anopencoil structurehelpsto avoid energy depositionfrom decayelectronswhich aresweptby
theguidefield to smallerbendradiusin themagnet’smidplane.
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+ -

+ -
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Figure3: SampleFigure.

In additionto conventionaluprightquadrupolefocusingwealsoinvestigatedfocusingstructures
usingacombinationof skew quadrupoleandnormaldipolefields.As indicatedin Fig. 4 andFig. 5
suchskew quadrupolecannaturallybemadewith variousarrangementsof either %/&)(+*0, or pancake
coils. The skew quadrupolegradientis independentlyadjustablefrom the dipole componentin
Fig. 4 andfixedvia coil geometryin Fig. 5. Skew combinedfunctionfocusingimpliestop-bottom
asymmetrywhile uprightcombinedfunctionfocusingcomefrom right-left coil asymmetry.
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Figure4: SampleFigure.

Thereis howeveronetrick whichonly worksfor makingskew quadrupolefields,displacingthe
coil endslongitudinallywith respectto thedipolebodyfield. This trick is illustratedin Fig. 6.
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Figure5: SampleFigure.
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Figure6: SampleFigure.

By changingthe top-bottomoverlapof thepancake coils, asindicatedschematicallyin Fig. 6,
we createdoublecoil regionswith thefull dipolefield but no skew focusingwhich alternatewith
singlecoil gapregionswith roughlyhalf thedipolefield but full skew quadrupolefocusing.The
signof theskew quadrupolefocusingdependsuponwhetherthe top or bottomcoil is missingin
thesinglecoil gapregion. Theresultis acompactmagnetstructurewith quasicontinuousbending
andalternatinggradientfocusing.This new focusingstructurecanbemademorecompactlythan
is possiblewith a standardcombinedfunctioncell becausethespacepenaltieswhich comefrom
magnetcoil endsareessentiallyavoidedandthereforethiscompactskew focusingcell structureis
thebasisfor theStudy–IImuonstoragering lattice.

1.2 The Lattice

B. Parker
Latticefunctionsfor the20 GeVmuonstoragering usingcompactskew combinedfunctionarc

cellsareshown in Fig. 7. Herethebetafunctions,( 1+�32�154 ) aregivenfor the456 rotatedbetatron



eigenplanes(A,B) shown in Fig. 8 but theeigenplanedispersionfunctions( 7��32�7)4 ) areprojectedto
dispersionin thenormalhorizontal-vertical,( 1�892�1+: ), coordinatesystemaccordingto therelation
ships,7�8;�<>=!?@< AB # and 7�:C�D<>=@EF< AB # .
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Figure7: SampleFigure.

By constructionthedispersionin theA andB eigenplanesis nearlyequalsotheeffectiveverti-
cal dispersionis muchsmallerthanthehorizontaldispersion.With thisskew latticethehorizontal
dispersionis nearlyconstantacrossthearcwhile theverticaldispersionoscillateswith smallam-
plitudeaboutzero.Eacharccontainscellswithout bendingsuchthatwith 606 cell phaseadvance
thedispersionis matchedto zerofor botheigenplanesin thestraightsections.
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Figure8: SampleFigure.

Thelatticeshown in Fig.7 hasa1:4lengthratiobetweenthelengthsof arcsandstraightsections
in orderto have a geometricdecayratio, ��� , equalof 40%. Theproductionstraightbetafunctions
arelargein orderlimit theimpactof themuonbeamdivergenceon thedivergenceof theneutrino
beamandthebetafunctionsin thereturnstraightareintermediatein magnitudebetweenthevalues
in thearcsandproductionstraightin orderto simplify injection.



Symmetrybetweenthe(A,B) betatroneigenplanesis ensuredby requiringasmalladdednormal
quadrupolefocusingcomponent,with normalizedstrength,GIH , GIHI�KJML# H�N in orderto partially
offset the weakfocusingdueto a sectordipole bendof local bendradius, O . As discussedin a
paperby Byrd, SagenandTalman[2] if left uncompensatedtheweaknormalfocusingof a sector
bendshows up ascouplingbetweentheotherwiseuncoupledindependentbetatronmotion in the
(A,B) eigenplanes.The valuechosenabove for GPH is preciselythe amountneededto make the
weaknormalfocusingin the linear lattice cylindrically symmetricandthusto restoresymmetry
betweenthe(A,B) eigenplanes.

In practiceGIH of orderpartspermil of theskew focusingstrength,GRQ , is sufficient to ensure
local linear decoupling. Note that the additionof GIH doesnot cancelthe weaksectorfocusing
andthe net focusingin an arc cell with bendingis slightly differentfrom thanof a cell without
bending. Accountingfor this differenceis importantfor gettinga gooddispersionmatch. Also
for nonzeromomentumoffset, SUT5
VT , onehasto bepreparedto dealwith couplingeffectsdueto
expectednonlinearedgefields.

Straight Section = 4 x Arc = 211.892 m

Arc = 52.973 m for
Reff = 16.86 m

16.86 m

245.6 m total length

Figure9: SampleFigure.

Thering geometryis shown in Fig. 9. Thearcsat theracetrackendsareeachendare53m long
andfor ��� = 40%wehavethestraightsectionsatfour timesthislengthat219m for acircumference
which is tentimesthesinglearclengthor 530m. Definingtheeffectivearcradius,W9X�YZY[�\�	�!�"�>
^]
gives W_X�YZY = 16.9 m for a total machinelengthof 246 m. Dependinguponthe locationof the
neutrinodetector, which affectstheracetrackdip angle,it maybedesirableto shortenthestraight
sectionssomewhat.Thisstrategy helpsto reducetheamountof fill neededfor asteepdip angleat
thecostof smaller ��� .

The Arcs B. Parker
Thearclatticeis shown in moredetailin Fig. 10. Thearccontainsten606 cellsfor a totalphase

advanceacrossonearcof La`b in botheigenplanes.With thechosen606 phaseadvanceit is possible
to matchto zerodispersionby omitting the dipole field componentfrom the secondandnext to
lastarccells. Thefocusingskew quadrupolesin theseemptycellswill bedonewith conventional
warmskew quadrupoleswhile therestof thearcis madeupfrom theregularpatternof overlapping
pancake superconductingcoils supportedin a warm iron yokesdescribedearlier. Magneticfield
andarccell opticsparametersarelistedin Table1.

Beamprofilesnearthebeginningandendof thearcs,wherethebeamsizecontribution dueto
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Figure10: SampleFigure.

Table1: Arc magnetandopticsparameterstable(blank).
AAA BBB CCC

dispersionis negligible, areshown at a skew defocusinglocationin Fig. 11 anda skew focusing
locationin Fig. 12.

Nearthemiddleof the full dipole region, wherethereareboth top andbottomcoils thebeam
profile is roundasshown in Fig. 13

Will includedescriptionof skew sextupolechromaticitycorrectionschemeaswell asadescrip-
tion of how to breaktheregularcoil patternat transitionsto emptycell regionsandat theendsof
thearc (this requiressomeshortcoils). Note thatdiscussionof waysto make opticsadjustments
andbeamorbit bumps(e.g. correctormagnets)is beyond the presentscopeof work but could
reasonablybearguedasneededunderaheadingof beamcommissioningor operationalscenarios.
Also thedesignof theskew sextupolesis presentlynotaddressed.

Magnetdesigndetailsfor warmandcold magnetswill begivenin latersubsections.

Production Straight B. Parker
Physicsrequirementsdrive large betafunctions. Possibleadditionaltopicsfor this sectionin-



D Quadrupole

Figure11: SampleFigure.

F Quadrupole

Figure12: SampleFigure.

clude:discussionof rf systemrequirementsandpossiblenormalquadrupoledecouplingscheme.

Return Straight B. Parkerbut maybeC. Johnstoneis betterhere?
During theeditorsmeetingonly a placeholderwasdescribedfor this region. It makessenseto

meto outlinethefunctionalrequirementsfor thisstraightsectionbut try to avoid beingtoospecific
aboutthe actualdetailedsolutionasthis is the only straightsectionleft wherewe canintroduce
knobsto fix problemselsewhere. Onedifferencewith Study–Iis that it doeslook reasonableto
injectgoingupinto thereturnstraightandthisshouldbemuchmorefavorablethantrying to inject
into thehighbetaproductionstraight.
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Figure13: SampleFigure.

In conversationswith ScottBerg it seemsthat it may not be necessaryto have rf-cavities (if
momentumcompactionis smallenoughthatbeamdoesnotspreadout toomuchduringafew hun-
dredturns).Couldincludeshortsectionhereon parametersfor a minimal rf-systemto keepbeam
from debunching. Note that if onefollows Lebedev’s suggestionto usea 200 MHz cryomodule
of thesametypeasin his acceleratorproposalthenwewill have to faceup providing highquality
vacuumnearthesuperconductingcavities (presumablywithout theuseof his isolationwindows).

Ring Acceptance B. Parker
For calculationtheeffective verticalbetatronacceptance,1+XcYZY , we have 1+XcYVYP�edZ= ? dVA# andfor

half aperture,SIf , asshown in Fig.14wehavephysicalacceptance,g , of g\�ihkj0lVm NdZnpo o or normalized
acceptance,g�q , g�qr�tsug . Valuesaregivenin Table2

∆h

Figure14: SampleFigure.

As show schematicallyin Fig. 15 apencilbeamwith momentumoffset, S[Tu
VT , movesthebeam
horizontallyby an amount, Swv , Swv xe7^8zy{S[Tu
ZT andvertically by an amount, SP| , SP|}x
7�:~y�S[Tu
ZT . Valuesaregivenin Table3

If weusearoundbeampipein thewarmskew quadrupolesin theproductionstraightsection,as
shown in Fig.16,weseethatthebetatronacceptancecanbecalculateddirectlyfrom theeigenplane



Table2: Betatronacceptancein thearcs.
AAA BBB CCC
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Figure15: SampleFigure.

betafunctions,( 1+��2�154 ), asshown in Table4.
It is probably desirableto use a butterfly or other shapebeampipe in someof the skew

quadrupolesthattheinjectedbeamgoesthroughoff axisasthis is a relatively cheapway to gaina
bit of injectionaperture.

Injection System B. Parker
Withoutsomebetterideafor thetransferline it is hardto betoospecifichere.Weshouldbeable

to show a straw designfor estimatesof magnetparameters,requiredaperturesetc. Must decide:
Shouldwediscussmagneticseptumquadrupoleandshouldweincludeadescriptionof collimation
systemfor protectionagainstinjectionerrorshere?

It maymakesenseto postponediscussionof thebeamprotectioncomponentsto thelaterenergy
depositionsection.Nikolai?

Superconducting Magnets ?

Conventional Warm Magnets B. Parker
This sectioncovers: thewarmquadrupolesin thearcs,opticsmatchingquadrupolesnearends

of the straightsectionsand the straightsectionquadrupoles.If time permitswe may want to

Table3: Momentumacceptancein thearcs.
AAA BBB CCC
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Figure16: SampleFigure.

Table4: Betatronacceptancein theproductionstraight.
AAA BBB CCC

includesomerequirementsfor beamorbit controlcorrectordipoles,ring tuneandcouplingcontrol
quadrupoles.

Anythingelse,Carol?

Instrumentation J.Norem
The cooling ring presentssomenew beaminstrumentationproblems.In additionto the usual

emittance,divergence,closedorbit, injection, extraction,beamlossandbeamenergy measure-
ments,it seemsdesirableto measurethebeampolarization,andprecisionmeasurementsof beam
directionin the decaystraightsectionasa function of time, to helpdeterminethe parametersof
theneutrinobeam.Theinstrumentationissuesfor themuonbeamin thestoragering shouldutilize
mostly proven technology. The primary difficult would be that precisionmeasurementscanbe
complicatedby thepresenceof decayelectronsin thebeam.

The muon decayscan help determinesomeof the machineparameters. Semertzidisand
Morse[1] have lookedat usingthe ��J�� frequency of the muonsto determinethebeamenergy.
They considermeasurementof thesynchrotronradiationfrom decayelectronswhich will give a
verysubstantialsignal.

We anticipatethat the6D “pencil” beamsusedto tuneup theacceleratorwill alsobeusefulin
tuningupandoperatingthestoragering.

Oneissuewhich hasbeenidentifiedis thepossibilityof a high electronshower backgroundat
the downstreamendof the two straightsections.This backgroundwould be dueto muondecay
electronswhich werenot sweptfrom thebeam.Althoughthefractionof primarydecayelectrons
in thebeamis ��
�su��� , where� is apathlengthin thestoragering, and s5�+��������� km, is thedecay



lengthat20GeV. Thismeansthefractionof muonswhichwill decayin the116m straightsections
is 0.001,and the electron/muonratio at the downstreamendof the straightwill be ���@���)�@����� ,
where ��� is a factorwhich dependson theprobabilityof electronsbeingsweptandshoweringin
the vacuumpipe. Estimatesof the electronbackgroundareunderway, but it seemsdesirableto
considerprecisionmeasurementsexternalto thering for determiningtheneutrinobeamdirection,
profileanddivergence.

We assumethemostreliablemeasurementsof theneutrinobeamsizeanddivergencewould be
obtainedfrom fine graineddetectorconsistingof Tungstensheetsinterspersedwith hodoscopes.
Thesewould be locatedin shaftsdownstreamof thedecaystraight. Ratescould be high, on the
orderof 100events/fill for a 1 m detector. (moredetailscoming- M. Goodman)�5���@�����)�@���)�)�����@�@�F�^�5���!�u�)��� �¡��¢t�5�F�)�)�u��£����u�����¥¤+�F�@��¦����^¤+���!�5�\�����§�^�F¨��)�t����¦!�!�u�©�5�
¤5�F�@��¦��@�^¤+���!�u��ªu�)�F�¬«����)�F�����§�©�z�¡�)���@�)���F����¢��®

Power Supplies for the Muon Storage Ring No name
To this point nonew work doneheresoeverythinghasto beTBD.

Quench Protection Dumps No name
To this point nonew work doneheresoeverythinghasto beTBD.

Muon Storage Ring Quench Detection and Protection No name
To this point nonew work doneheresoeverythinghasto beTBD.

1.3 Lattice Performance and Tracking

C. Johnstone
Theissuesdiscussedherearesimilar to thosefrom Study–Ibut in detail thingswill look quite

differentduethenovel featuresof theproposedskew focusinglattice.
A descriptionof the on going work with Kyoko Makino, Martin Berz etc. belongshere. The

importanceof thiswork is suchthatit couldpoint to theneedfor reworkingthelattice.Thepresent
choiceof lattice parametersrepresentsa choice, in the absenceof tracking results,to go with
parametersthatmake the magnetparameterseasierto achieve andprovidesincreasedprotection
from energy depositiondue to showers coming from the long straightsections;however, it is
entirelypossiblethatwe will have to compromisethesegoalssomewhatin orderto achieve good
enoughdynamicaperture.

1.4 Beam Induced Energy Deposition And Radiation Fields

N. Mokhov
Discussionsimilar to Study–I.

Arc Magnets N. Mokhov
ThissectionisdifferentfromStudy–Ito theextentthattheopencoil structureadoptedfor Study–

II changestheenergy depositionpattern.Somemitigationof hot spotsstill might berequired.An
importantresulthereis theextentto which thewarmcellsnearthenendsof thearcsareusefulin
trappingenergy comingfrom thelongstraightsections.



Straight Section Components N. Mokhov
Estimationsfor energy depositionissuesfor warmmagnets,kickers,diagnosticsetc. This also

may be the bestpaceto discussprotectionagainstinjection errorsandinjection tuning. If a su-
perconductingrf systemis neededthentheremay be issuesfor how to protectandisolateit. In
particularit may not be possibleto usewindows to isolatethe rf station’s beamvacuum(unlike
previousaccelerator).

Radiation Around Arc Tunnel And Downstream Of Straight Sections N. Mokhov
Standarddiscussionbut takesinto accountBNL guidelines.
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